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SUMMARY:
A robust and reproducible approach to establish 2D primary cultures of zona glomerulosa- and zona fasciculata-enriched cells was developed for the mouse adrenal cortex. This system preserves key molecular and functional features of each zone, enabling focused investigation of signaling pathways, hormone production, and adrenal cortical cell behavior ex vivo.
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ABSTRACT: 
The mouse adrenal gland is encapsulated by a mesenchymal cell layer (capsule) and contains an underlying cortex organized into distinct concentric zones with specialized endocrine functions: the zona glomerulosa (zG), which produces aldosterone, and the zona fasciculata (zF), which produces corticosterone. The adrenal medulla, located at the center of the gland, produces catecholamines. Mechanistic studies of cells from each adrenocortical zone have been limited by the absence of in vitro models that preserve their zone-specific molecular, cellular, and functional characteristics. To overcome this limitation, a fractionation approach was developed using microdissection of adult mouse adrenal glands. This method separates adrenal cells from male mice into a zG-enriched outer fraction (OF), containing capsule and zG cells, and a zF-enriched inner fraction (IF), which contains zF and medullary cells. These fractions were used to generate two-dimensional (2D) primary cultures enriched for either zG or zF cells. Gene expression analysis confirmed that the zG-enriched cultures express high levels of zG markers (Cyp11b2, Dab2, and Shh), along with increased Wnt/β-catenin pathway markers (Wnt4, Lef1). In contrast, zF-enriched cultures exhibited higher expression of zF markers (Cyp11b1 and Akr1b7) and lower levels of Wnt/β-catenin pathway markers, consistent with a zF transcriptional signature. Expression of steroidogenic markers (Nr5a1, Star) validated the adrenocortical origin of both cell fractions. Tyrosine hydroxylase indicates the presence of adrenal medullary cells in zF-enriched cultures. Functionally, zG-enriched cultures produced aldosterone under basal conditions and showed increased production in response to angiotensin II, potassium, and adrenocorticotropic hormone (ACTH). Conversely, zF-enriched cultures produced corticosterone at baseline and exhibited increased output in response to ACTH stimulation. Overall, this protocol represents a robust, reproducible, and biologically relevant in vitro model for studying adrenal cortex biology. This system enables zone-specific investigation of signaling pathways, molecular mechanisms, and physiological responses.

INTRODUCTION: 
A thin mesenchymal capsule encapsulates the mouse adrenal gland, which consists of two main compartments: the outer cortex and the inner medulla. The adrenal cortex of the adult male mouse is further divided into distinct zones, the zona glomerulosa (zG) and the zona fasciculata (zF), each with unique morphological and functional characteristics1–4. The primary function of the adrenal cortex is the production of steroid hormones, including mineralocorticoids (aldosterone) and glucocorticoids (corticosterone in mice)5. The zG is the outermost and most compact region and consists of ovoid cells organized in rosette structures that express aldosterone synthase (CYP11B2), allowing the production of aldosterone2,3,5–7. Secretion of aldosterone is primarily regulated by the renin-angiotensin-aldosterone system (RAAS), potassium, and to a lesser extent ACTH5,8. The zF is composed of larger cells arranged in radial cords/fascicles, constitutes the majority (~85%) of the cortex, and is regulated primarily by ACTH2,3,5,9. Multiple signaling pathways orchestrate adrenal gland development, maintenance, and function by regulating progenitor cell dynamics, zonation, and steroidogenic activity. Among these, SF-1 (Steroidogenic Factor-1, Nr5a1) is a master regulator essential for adrenocortical specification, proliferation, and hormone production10. Sonic hedgehog (Shh) signaling, active in the zG, promotes the expansion of progenitor cells and supports cortical renewal in the zG11–13.

Wnt signaling, particularly through the canonical β-catenin pathway, is crucial for adrenal zonation and cortical integrity. In the mouse, normal adrenocortical size and zonation are regulated by a gradient of WNT signaling activity extending from the capsule to the zF. This gradient is supported by localized expression of WNT ligands and potentiators, mainly WNT4 in the zG, and WNT2B and R-spondins (RSPO1 and/or RSPO3) in the capsule7,14–22. The adrenal cortex is maintained by the centripetal flow of cells from proliferative progenitor cells located in the subcapsular/outer zG region, which give rise to differentiated zG cells that migrate inward toward the zF. As cells transition from the zG to the zF, they undergo changes in gene expression and function referred to as trans-differentiation. This model has been strongly supported by lineage-tracing studies using the ASCre/+ transgenic mouse line, which specifically targets aldosterone-producing cells in the zG23–25.

Several in vitro approaches have been used to study adrenal biology based on the dissociation of the whole adrenal gland26–28. For example, a study described dissociation of the adrenal cortex for electrophysiological and patch-clamp analyses27, and another study employed dissociated adrenal cortical cells to investigate signaling mechanisms related to adrenal physiology and blood pressure regulation26. While these methodologies have provided important functional insights, they rely on cells from whole adrenal preparations rather than on the separation of cortical zones prior to cell culture.

Given the complexity and histological diversity of the adrenal gland, understanding the distinct roles of its cellular compartments is essential for elucidating the mechanisms underlying adrenal function. In this study, primary mouse adrenocortical cell cultures enriched for either zG or zF cells were established. A major advantage of this method is the generation of zG-enriched cell cultures, enabling experimental modulation of signaling pathways and environmental factors to better investigate its specific role in adrenal cortex biology. This includes the study of progenitor cell maintenance, the mechanisms underlying zonal plasticity and trans-differentiation toward the zF, and the modeling of extracellular matrix composition. In parallel, this method generates highly enriched zF cell cultures, providing a complementary platform for zone-specific functional and signaling studies. Together, these features provide a robust, experimentally controlled system for advancing understanding of adrenal biology.

PROTOCOL: 

All experiments were conducted in accordance with protocols approved by the Boston Children’s Hospital Institutional Animal Care and Use Committee (IACUC) under approval number 00002611. A complete list of all materials used in this protocol, including reagents, consumables, and equipment, is provided in the Table of Materials, along with the corresponding manufacturers and catalog numbers to ensure reproducibility.

Primary cultures of mouse adrenal zona glomerulosa and zona fasciculata cells
The methods used to establish primary cultures of adult male mouse wild-type (Mus musculus, C57BL/6) adrenocortical cells in this study were adapted from a procedure originally developed for Sprague-Dawley rats28. To confirm the segregation and identity of zona glomerulosa and zona fasciculata cell populations, a lineage-tracing model was employed using Cyp11b2tm1.1(cre)Brlt/+ (also known as-Cre) mice1–4 and Gt(ROSA)26Sortm4(ACTB-tdTomato-EGFP) Luo/J (also known as ROSAmT/mG) mice29. 

Preparation before the procedure
Materials 
Two sets of forceps and scissors for superficial incisions and another set for incision of the abdominal cavity (Supplementary Figure 1A). Warmed the culture medium and PBS (37 °C). Prepared 2 dishes (P60) with DMEM/F-12. Prepared 3 dishes (P60) with warmed PBS to wash the glands in sequence (bath 1, 2, and 3) (Supplementary Figures 1B, 1–3), and 1 dish to keep the adrenal in solution (Supplementary Figures 1B, 4). Prepared 2 dishes (P60) with sterile filter paper on the surface (Supplementary Figures 1C, 1–2). Prepared 2 P60 dishes with 500 µL of digestion solution and labeled them for the glomerulosa (zG) or the fasciculata (zF) (Supplementary Figures 1D, zG, zF). Prepared 2 tubes, labeled zG and zF, and added 4.5 mL of digestion solution.

Solutions
To make the digestion solution, collagenase type I (final concentration 4 mg/mL) and DNase I (final concentration 0.04 mg/mL) were dissolved in 5 mL of pure DMEM/F-12 medium. Filtered the solution into a 50 mL tube using a syringe and a 0.22 µM filter. The digestion solution should be prepared fresh each time.

Animals
To obtain primary cultures enriched for mouse adrenal zona glomerulosa and zona fasciculata cells, use 10–15 young adult male mice, approximately 6–7 weeks of age. Females have slightly larger adrenal glands than males, and either sex can be used with this protocol. However, in this study, only males were used to avoid potential interference from the X-zone present in young females, ensuring accurate zonal separation. Mice were euthanized by CO₂ inhalation in accordance with institutional animal care guidelines. Death was confirmed by the absence of respiration and lack of reflex response. Adrenal glands were dissected immediately, within 3–5 min after confirmation of death, to preserve tissue viability. 

Position and exposure of the abdomen
The mouse was placed in a dorsal decubitus position on a sterile flat surface (Figure 1A). The animal’s fur was disinfected with 70% alcohol. Forceps and scissors were used for the cutaneous incisions, and the second set for the abdominal cavity incision. An initial incision in the inguinal region of the abdomen was made, extending laterally towards the thorax on both sides to expose the peritoneum (Figure 1B). The skin was carefully retracted, followed by the abdominal musculature, to expose the abdominal cavity (Figure 1C). The initial incision should be superficial to avoid damage to the internal organs. Advance to the muscle layer with a cautious incision, then expose the abdominal cavity. Avoid rupturing blood vessels, as bleeding can make it difficult to locate the adrenal glands and delay collection. Change surgical instruments to minimize microbial contamination.

Identification and collection of the left adrenal gland
The left adrenal gland is located medially and superior to the left kidney in the retroperitoneum, with an oval shape and pink coloration, surrounded by white adipose tissue (Figures 1D–G). While carefully displacing adjacent organs with blunt forceps to improve visualization, use scissors to remove most of the adipose tissue using short, controlled cuts, isolating the adrenal gland. Avoid directly grasping the adrenal gland to prevent damage to its capsule. The gland was placed immediately after isolation in a P60 culture dish with 10 mL of pre-warmed DMEM/F-12 at 37 °C (Figure 1F).

Identification and collection of the right adrenal gland
The right adrenal gland is located laterally and superior to the right kidney in the retroperitoneum, with an oval shape and pink coloration (Figures 1E–H). Identifying this adrenal gland may be more challenging due to its proximity to other organs, such as the liver and ascending colon, as well as nearby blood vessels. While carefully displacing adjacent organs with blunt forceps to improve visualization, use scissors to remove most of the adipose tissue using short, controlled cuts, isolating the adrenal gland, while taking care not to damage the capsule. The gland was placed immediately after isolation in a P60 culture dish with 10 mL of pre-warmed DMEM/F-12 at 37 °C. The adrenals are combined in the same dish (Figure 1F). During the procedure, it is essential to handle the major blood vessels in the area with care to avoid accidental cuts, which can cause bleeding and complicate the collection process. The main vessels to be cautious of include the renal veins and renal arteries. Collected the adrenal gland with some adherent adipose tissue. This facilitates the handling of the gland and protects against capsule damage and contamination (Figure 1I).

Work in a sterile laminar flow hood
Before transferring the glands to the laminar flow hood, the dish was wiped clean with 70% alcohol. The adrenals were washed with PBS three times at room temperature (25 °C) (in dishes 1, 2, and 3 and collected in dish 4) (Supplementary Figure 1B). The filter paper helps with fat adhesion and ensures better results. During the preparation of multiple glands, the separated tissues should be maintained in pre-warmed DMEM to preserve viability. The adrenal gland was grasped by the adherent adipose tissue (Figures 1I–J), and the fat was carefully dissected on the filter paper (Supplementary Figure 1C, dish 1), using fine forceps and controlled movements to avoid damaging the capsule. The expected result is a smooth, intact gland free of excess adipose and connective tissue, as shown in Figure 1K. The adrenal glands were transferred carefully to fresh filter paper (Supplementary Figure 1C, dish 2) to facilitate precise microdissection. The capsule was gently pinched with fine forceps, and using the scalpel blade, a radial incision was made in the gland without completely transecting the tissue.	Comment by Autor: This is the crucial step in the protocol that I should teach in the video. The rest is standard. 

The inner contents of the cortex were gently exposed by expelling them outward through the incision through the application of slight mechanical pressure with the forceps. The capsule and the zG remained connected to the tip of the forceps, while the inner expelled glandular material corresponded to the zF and medulla. Enzymatic digestion should be initiated only after all glands have been processed (Figure 1L), due to mechanical separation of the outer and inner zones.

Digestion
Two tubes were labeled as OF (Outer Fraction: capsule and zG) or IF (Inner Fraction: zF and medulla) (Figure 1M). A total of 4.5 mL of pre-warmed digestion solution (37 °C) was added, and the OF and IF were transferred to the appropriate tubes. The samples were incubated at 37 °C in a humidified incubator with 5% CO₂ for 30 min, and the tubes were gently swirled every 10 min, by manually inverting them 2–3 times to ensure uniform exposure to the enzyme solution. The time required for digestion may vary depending on the quality, activity, and storage conditions of the collagenase. After 30 min, the tissue was dissociated by pipetting up and down 40 times with slow, controlled strokes, using a 5 mL serological pipette to generate a single cell slurry. After dissociation of the tissue, ideally, no visible fragments should remain, and the medium should appear cloudy. If fragments are still present, an additional 15-min digestion may be considered.

Washing and plating
Following the digestion, the cells were washed by adding 45 mL of DMEM/F-12 to remove residual enzyme (Figure 1 M). Samples were centrifuged at 150 × g for 12 min at room temperature (25 °C). Following centrifugation, a small and compact pellet with a slightly pinkish to pale yellow appearance is expected, while the supernatant should remain clear and free of visible particulates. The supernatant was carefully removed and discarded, taking care not to disturb the pellet. The pellet was resuspended in pre-warmed (37 °C) culture medium according to the final volume required for plating (see below). An optimal plating density of approximately 70% was maintained to ensure culture viability and vigor. The cell number was estimated using a Neubauer counting chamber prior to plating, and the number of cells seeded was adjusted according to the culture dish area to achieve the desired confluency. Plate the zG-enriched outer fraction (OF) cells at a density of approximately one animal per well (typically yielding ~1.5–2.5 × 10⁴ cells) and the zF-enriched inner fraction (IF) cells at ~0.63 animals per well (typically yielding ~2.5–4.0 × 10⁴ cells) in a 48-well plate.  

Cell culture maintenance
Cells were cultured in the Culture Medium described above and maintained under standard conditions in a humidified incubator at 37 °C with 5% CO₂. After 24 h of culture, the medium was replaced to remove debris and any residual blood cells. This step promotes optimal growth. The plate was carefully aspirated, and fresh pre-warmed (37 °C) medium was added. Wait at least 48 h before assessing the cells in functional experiments. It’s recommended to wait three days before performing functional experiments to ensure the cultures are well-established. Extended culture beyond this period may require trypsinization and passaging, which can lead to cell selection and loss of primary culture characteristics.

Data analysis and supporting procedures
Preparation of primary adrenal cell cultures
Primary cultures of whole adrenal glands were established following the same procedures for tissue collection, digestion, washing, and plating, and were used as standard controls for molecular and functional assays.

Gene expression analysis
To purify total RNA from OF and IF cells, the cultured cells were homogenized in TRIReagent using the RNA kit, according to the manufacturer’s protocol. RNA integrity and concentration were evaluated by using spectrometry. Further processing of total RNA involved reverse transcription into cDNA using the high-capacity cDNA reverse transcription kit. Gene expression analysis was performed by real-time quantitative PCR (qPCR) using the thermocycler. Technical duplicates were used to control for variability. The TaqMan Universal PCR Master Mix and mouse TaqMan primers were used (Table 1). A cycle threshold (CT) value was selected within the linear amplification range for each sample run in duplicate. It was normalized by endogenous control genes β-actin and ribosomal protein 18S (Rps18). The relative expression levels were calculated using the 2–ΔΔCt method30. The data from three different experiments are presented as mean ± standard deviation (SD). We performed three independent experiments.

Stimulation of aldosterone and corticosterone secretion in primary ZG and ZF cultures
[bookmark: _Hlk214370617]Primary cultures of zona glomerulosa (ZG) and zona fasciculata (ZF) cells were established and maintained at 37 °C in a humidified atmosphere containing 5% CO₂. Approximately 5 × 10⁴ cells were plated per well in a 48-well plate using complete growth medium. After four days of continuous culture, basal secretion measurements reflected cumulative hormone production over this time period. For stimulation assays, the medium was aspirated, and the cells were washed once with phosphate-buffered saline (PBS) to remove residual factors. Subsequently, 200 µL of fresh medium was added to each well, and the following assays represent acute stimulated secretion within a defined time window. For aldosterone stimulation assays, the culture medium was supplemented with angiotensin II (Ang II, 10 nM), potassium (K+), as potassium chloride (KCl, 10 mM), and ACTH, (10 nM). Sodium chloride (NaCl, 10 mM) was used as the vehicle control. For corticosterone stimulation assays, the same procedures were followed, but the medium was supplemented with ACTH (10 nM), forskolin (10 µM), or NaCl (10 mM) as a vehicle control. After 6 h of incubation at 37 °C and 5% CO₂, the culture supernatants were collected and stored at −80 °C for subsequent hormone quantification, as described previously31. The remaining adherent cells were lysed for protein extraction, and hormone levels were normalized to the total protein content of the corresponding lysate.

Protein extraction and normalization of aldosterone and corticosterone measurements
Protein extraction was performed using RIPA lysis and extraction buffer, supplemented with 1x halt protease inhibitor cocktail. Cells were resuspended by pipetting up and down 15 times using a P200 pipette tip and subsequently sonicated using a probe sonicator. Protein concentration was determined with the BCA protein assay kit according to the manufacturer’s instructions.

Aldosterone measurement by radioimmunoassay (RIA)
The concentration of aldosterone in cell culture supernatants was determined by following the manufacturer’s protocol. In brief, 50 µL of supernatant and 150 µL of 1% BSA in PBS, together with 500 µL of the aldosterone radioactive tracer, were added to aldosterone antibody-coated tubes. After mixing, the tubes were incubated at room temperature (25 °C) for 18 h. Then, the incubation mixture was decanted, and the radioactivity in the tubes was counted using a Cobra II auto-gamma counter31. Aldosterone levels were normalized to total protein, as previously described. 

Corticosterone measurement
Corticosterone concentrations in cell culture supernatants were measured using a competitive enzyme-linked immunosorbent assay (ELISA) kit specific for mouse and rat corticosterone, following the manufacturer’s protocol. Corticosterone levels were normalized to total protein, as previously described32.

Immunostaining
Immunofluorescence was performed on both paraffin-embedded adrenal sections and cultured cells grown on pre-treated glass coverslips coated with Poly-L-lysine. For all samples, blocking was performed with 5% normal goat serum (NGS) in PBS, and nuclei were counterstained with DAPI (4′, 6-diamidino-2-phenylindole, 1:1000). Slides and coverslips were washed three times for 5 min each with 0.1% Tween-20 in PBS between incubation steps. After staining, samples were mounted with Antifade Mountant and stored in the dark until imaging. Tissue sections: Adrenal paraffin sections were deparaffinized in xylene, then rinsed through a graded ethanol series (100%, 95%, 70%), and finally rinsed in PBS. Antigen retrieval was performed in Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween-20, pH 9.0) by heating at 95 °C for 20 min. After cooling to room temperature, sections were washed in PBS and blocked with 5% NGS in PBS for 1 h. Sections were incubated overnight at 4 °C with the following primary antibodies diluted 1:100 in 5% NGS in PBS: mouse anti-Dab2, chicken anti-GFP, and rabbit anti-RFP. The following secondary antibodies were used (1:300): Alexa Fluor 594 goat anti-mouse IgG, Alexa Fluor 594 goat anti-chicken IgY, and Alexa Fluor 647 goat anti-rabbit IgG. 

Cultured cells: Immunofluorescence on coverslips was performed four days after plating. Cells were fixed with pre-warmed 4% paraformaldehyde (PFA) at 37 °C for 15 min and washed three times in PBS. Blocking was performed using 5% NGS in PBS for 1 h at room temperature. Coverslips were incubated overnight at 4 °C with mouse anti-Dab2 (1:100 in 5% NGS/PBS), followed by Alexa Fluor 488 goat anti-mouse (1:500).

Image acquisition: Brightfield and fluorescence images (mGFP and mTomato) of cultured cells were acquired using a microscope system. The mGFP fluorescence was captured using a filter set for green fluorescence (excitation: 470 nM, emission: 525 nM), and mTomato fluorescence was captured using a filter set for red fluorescence (excitation: 585 nM, emission: 624 nM).

Software and statistical analysis
Visual summaries, schematic diagrams, and figures were created using Adobe Illustrator 2023 (Adobe Inc., https://www.adobe.com/products/illustrator.html) and BioRender (https://www.biorender.com), accessed in May 2025. Data were analyzed using GraphPad Prism version 10.0. Available at: https://www.graphpad.com. All experiments were performed at least in triplicate and independently repeated to ensure reproducibility of the results. For comparisons between two groups, Student’s t-test (paired or unpaired, as appropriate) was used. For comparisons involving three or more groups, analysis of variance (ANOVA) followed by the appropriate post hoc test was performed to identify significant differences between groups. Results are presented as mean ± SD. A p-value of less than 0.05 was considered statistically significant.

RESULTS:
Establishment and characterization of zone-enriched primary adrenal cell cultures
Primary adrenal cell cultures were successfully established from the OF, enriched for zG cells, and the IF, enriched for zF cells. Representative images of the cultured cells are shown in Figure 2A (OF–zG) and Figure 2B (IF–zF). To assess enrichment of zG cells and non-zG cells in these cultures, the ASCre/+:: ROSAmTmG/+ mouse model was utilized (Figure 2C). In these mice, Cre recombinase driven by the Cyp11b2 promoter induces mGFP expression specifically in zG cells of 5- to 6-week-old animals (Figures 2C, S2A–C). Live cell fluorescence imaging revealed mGFP expression to be predominantly in zG-enriched cultures (Figures 2D–I), whereas zF-enriched cultures showed minimal mGFP signal. Conversely, zF-enriched cultures primarily expressed mTomato, whereas this expression was minimal in zG-enriched cultures (Figures 2D–I). 

Transcriptional and protein validation of zone-specific identity
Transcriptional analysis confirmed expression of specific genes localized to the capsule or zG (OF cells) and to the zF and medulla (IF cells). For example, higher relative expression levels of Cyp11b2, Dab2, and Shh—markers of the zG—were observed in OF cultures compared to IF cultures (Figures 2J–L). Consistent with this, immunocytochemistry showed a significant enrichment of DAB2+ cells in OF cells, compared to IF cells (Supplementary Figures 2G–L). Conversely, higher relative expression of Cyp11b1 and Akr1b7 markers of the zF was observed in IF cultures compared to OF cultures (Figures 2M–N). 

Capsular markers (Gli1, Wt1, Rspo3) showed relative enrichment in OF cultures (Supplementary Figures 2M–O), while the medullary marker Th was relatively enriched in IF cultures (Supplementary Figure 2M), indicating minimal contamination of capsule cells in the IF or medullary cells in OF cultures. Consistent with Wnt/β-catenin signaling being expressed in zG cells, higher relative expression of Wnt4 and Lef1 in OF cultures was also observed (Supplementary Figures 2Q–R). As expected, markers for steroidogenic genes (Nr5a1 and Star) were similarly expressed in both cultures, confirming their adrenal cortical identity (Supplementary Figures 2S–T). Taken together, these findings demonstrate that primary adrenal OF and IF cell cultures are enriched for zone-specific molecular markers.

Functional steroidogenic responses in zone-enriched cultures
To assess whether the enriched cultures retain zone-specific hormone production and the ability to respond to relevant stimuli, hormone secretion was measured under basal and stimulated conditions. As expected, aldosterone secretion was relatively higher in zG-enriched (OF) cultures compared to zF-enriched (IF) cultures (Figure 2O). Upon stimulation with angiotensin II, potassium, or ACTH, aldosterone secretion was further increased from OF cultures (Figure 2P). Conversely, corticosterone secretion was higher in zF-enriched (IF) cultures compared to zG-enriched (OF) cultures (Figure 2Q). Moreover, zF-enriched (IF) cells responded to ACTH and forskolin stimulation with a marked increase in corticosterone secretion (Figure 2R). These results confirm that zG-enriched (OF) and zF-enriched (IF) adrenal cultures not only preserve zone-specific steroidogenic function but also remain responsive to physiological stimuli, validating their utility as a functional in vitro model. 

DATA AVAILABILITY:
All the raw data used are submitted as supplementary files.

FIGURES AND TABLE LEGENDS: 
Figure 1: Dissection of murine adrenal glands for primary culture. (A) C57BL/6J mice were euthanized and positioned in the dorsal decubitus position on a sterile surface before dissection. (B) A longitudinal incision was made in the abdominal skin, and the musculature was carefully separated to expose the peritoneum and underlying organs. (C) Once the abdominal cavity was opened, (D) the adrenal glands were located cranially and medially to the kidneys. The left adrenal gland lies adjacent to the spleen, (E) while the right gland is situated closer to the diaphragm and liver. (F) Both glands are embedded in a periadrenal fat pad, which was preserved during dissection to prevent damage to the capsule. Glands were collected and placed in a Petri dish containing pre-warmed DMEM/F-12 medium. Panels (G) and (H) show close-up views of the left and right adrenal glands in situ, respectively, highlighting their anatomical relationships with the spleen, kidneys, and liver. (I)  After removal, (J) the glands remained partially surrounded by fat, (K) which was subsequently trimmed to isolate the adrenal tissue. (L) A radial incision allowed for the mechanical separation of cortical layers, enabling the distinction of the adrenal capsule with the ZG (OF) from the ZF and medulla (IF). (M) Workflow of the protocol for isolation and culture of primary adrenal cells. Figure created by J. Kremer (2025) using BioRender.com (Agreement number: 8xkfs0u).

Figure 2: Morphological, molecular, and functional analysis of mouse primary OF and IF adrenal cell cultures. (A–B) Phase contrast images depict zona glomerulosa (zG)-enriched cultures derived from the outer fraction (OF) (A) and zona fasciculata (zF)-enriched cultures derived from the inner fraction (IF) (B), scale bar 275 µM. (C) Schematic of lineage-tracing strategy using ASCre/+:: R26RmTmG/+ mice, in which Cre recombinase is driven by the Cyp11b2 promoter in zG cells causing recombination of the reporter gene in young adult mice before trans-differentiation of zG cells into zF cells. (D–F) Fluorescence split and merged images of zG-enriched OF cultures show GFP fluorescence (488 nM) (D), mTomato fluorescence (554 nM) (E), and the merged image (F), scale bar 125 µM. (G–I) Fluorescence split and merged image of zF-enriched cultures shows GFP (G), mTomato (H), and merged image (I), scale bar 125 µM. (J–N) Gene expression analysis by qRT-PCR of OF and IF cultures at 4 days for zG-specific markers (Cyp11b2, Dab2, and Shh) (J–L) and zF-specific markers (Cyp11b1 and Akr1b7) (M-N). (O) Aldosterone production from OF and IF cultures. The dotted line represents the aldosterone level from total (non-fractionated) primary adrenal cells. (P) The aldosterone response to stimulation with angiotensin II, potassium, or ACTH in OF cells. (Q) Corticosterone production from OF and IF cells. The dotted line represents the corticosterone level from total (non-fractionated) primary adrenal cells. (R) The corticosterone response to stimulation with ACTH or Forskolin in IF cells. Data are presented as mean ± SD. Statistical significance was determined by ANOVA, with p-values <0.05 considered significant. ** < 0.01, *** < 0.001. **** < 0.0001. # < 0.05 compared to vehicle. 

Table 1: Taqman probes used for the gene expression analysis. All the genes and the probe names used to study them are listed in this table.

Supplementary Figure 1: Dissection instruments and setup for adrenal gland dissection, washing, and zone fractionation. (A) This figure shows the sets of instruments used during the adrenal dissection protocol: (1) scissors and forceps for abdominal cavity exposure; (2) instruments used for adrenal gland collection; and (3) fine dissection forceps and scalpel used for separating the cortex into outer (OF) and inner (IF) tissues. (B) The arrangement of P60 culture dishes (1–4) used during the gland washing steps with PBS. (C) Preparation of the working surface with filter paper placed over the P60 culture dish for cortex dissection: (1) fat dissection and (2) gland fractionation. (D) This figure shows the zG and zF P60 culture dishes containing culture medium used for receiving the dissected fractions.

Supplementary Figure 2: Molecular analysis of capsule, Wnt pathway, steroidogenic, and medullary markers in mouse primary adrenal cultures. (A–C) Merged and split fluorescence images of the total adrenal gland showing GFP (488 nM) and mTomato (554 nM), scale bar 100 µM. (D–F) Merged and split fluorescence images of primary adrenal cell cultures showing DAB2 immunolabeling (594 nM, red) and/or nuclei stained with DAPI (blue) in zG-enriched (OF) and (G–I) zF-enriched (IF), scale bar 100 µM. (J–Q) Gene expression analysis by qRT-PCR of OF and IF cultures at 4 days for capsular markers Gli1, Wt1, and Rspo3 (J–L), medullary marker Th (M), Wnt pathway markers Wnt4, and Lef1 (N–O), and steroidogenic markers Nr5a1 and Star (P–Q). The dotted line in the graph represents the relative level of expression of each marker in total (non-fractionated) primary adrenal cells cultured for 4 days. Data are presented as mean ± SD. Statistical significance was determined by an unpaired two-tailed t-test, with p-values < 0.05 considered significant. NS, not-significant, p-values ** < 0.01, *** < 0.001. **** < 0.0001.

DISCUSSION: 
In this study, a refined protocol was presented that generates primary mouse adrenal cell cultures enriched for zG (OF) and zF (IF) cells, which faithfully recapitulate the zonal identity and steroidogenic function of each zone. This protocol should enable detailed investigation of the cellular and molecular biology of the adrenal cortex in a zone-specific context, supporting the study of proteins, signaling pathways, and mechanisms involved in adrenal cortex development, differentiation, function, and renewal, with reduced interference from other tissue compartments, particularly in the outer fraction. Two-dimensional (2D) mouse primary adrenal cell cultures were derived from the OF, enriched for zG cells, and from the IF, enriched for zF cells. Molecular characterization confirmed the distinct cellular composition of these cultures, and functional assays demonstrated zone-specific hormone production and responses to physiological stimuli.

The approach for separating the OF and IF33, and establishing the primary cultures used in this study was adapted from a method originally developed in Sprague Dawley rats28 for Mus musculus (C57BL/6J). The physical enrichment of the compartments was confirmed using young adult mice from the ASCre/+:: R26RmTmG/+ lineage-tracing mouse model, which enabled lineage-marking of zG cells based on their Cyp11b2 expression history. This approach enabled precise identification of zG-derived cells (OF), which, in 6-week-old mice, are primarily restricted to the outer cortex. In contrast, zF cells (IF) remain mTomato-positive because most of these cells have not yet converted to mGFP-positive cells at this young age34. The data show a predominance of zG-enriched cells expressing mGFP, whereas in the zF-enriched (IF) cultures, mTomato-expressing cells are predominant, confirming the effectiveness of the enrichment approach. 

zG- and zF-enriched cultures express distinct markers, produce different hormones, and respond to different stimuli8,35. The zG-enriched (OF) cultures expressed relatively higher levels of Cyp11b2, Dab2, and Shh; and higher levels of the Wnt markers Wnt4 and Lef1 (well-established zG-specific markers12,36) compared to zF-enriched cultures. In contrast, zF-enriched (IF) cultures showed relatively higher expression of Cyp11b1 and Akr1b737, markers characteristic of zF identity. This specificity confirms the maintenance of zonal identity in these primary cultures. Moreover, adrenal identity was validated by the sustained expression of steroidogenic genes such as Nr5a1 and Star in both fractions. Notably, zG-enriched (OF) cells also expressed higher levels of capsular markers38,39, which may play a role in zG cell maintenance in vitro, while zF-enriched (IF) cells expressed the medullary marker Th, further supporting the anatomical and functional fidelity of our enrichment approach. The detection of Th in the IF fraction indicates the presence of adrenal medullary cells in these cultures. Although the experimental design of this study was not intended to establish or maintain medullary cultures, residual chromaffin cells may persist transiently under these conditions. Chromaffin cell maintenance is known to depend on specific microenvironmental cues, including cortex-derived glucocorticoids, neurotrophic factors, and interactions with the vascular and sustentacular microenvironment, which together define the cortico–medullary interface40,41. In this context, the coexistence of IF cortical cells and medullary cells in culture may reflect aspects of this biological interaction and their anatomical proximity, as the corticomedullary region corresponds to the inner cortical zone adjacent to the adrenal medulla. Although the present model was designed primarily to enrich and analyze OF/zG cells, the IF fraction may represent a useful platform for future studies to further explore cortico–medullary interactions in vitro in the absence of zG cells, for example, by investigating whether the IF microenvironment itself influences chromaffin cell persistence or by supplementing the culture conditions with specific neurotrophic factors.

Functionally, zG-enriched cells produced aldosterone and responded to AngII, potassium, and ACTH, each of which stimulated increased aldosterone production36. In contrast, zF-enriched cells produce corticosterone and respond to ACTH and forskolin, which induced an increase in corticosterone production. This in vitro protocol provides a valuable platform for studying the regulatory mechanisms underlying hormone biosynthesis, secretion, and responsiveness to physiological stimuli, which are fundamental to understanding steroidogenic physiology and related disorders28,42. Although the tumor-derived H295R cell line43 has been widely used as a model system, it has notable limitations due to its neoplastic origin, low expression of key adrenocortical markers, and constitutive activation of the WNT signaling pathway44. This primary culture model overcomes these limitations by preserving the molecular and functional characteristics of adrenal cortical zones, thereby providing a more physiologically relevant system for studying the adrenal gland.

Several technical parameters were critical to achieve consistent zone enrichment and functional reproducibility, including preservation of the adrenal capsule, precise mechanical fractionation, controlled enzymatic digestion, and defined plating density. Variations in these steps directly influenced cell yield, zonal purity, and hormonal responsiveness. Additionally, incomplete digestion was occasionally observed and was mitigated by brief extensions of enzymatic incubation in 5–10-min increments, combined with gentle resuspension. Allowing cultures to stabilize for approximately three days prior to functional assays further improved experimental consistency28. This approach also had inherent limitations. Mechanical fractionation did not entirely eliminate cross-contamination between cortical compartments, and the 2D culture system did not fully recapitulate the native three-dimensional adrenal microenvironment. Moreover, prolonged culture of primary cells may progressively alter zonal identity and functional capacity, supporting the use of defined experimental time windows. Reproducibility was supported by consistent zone-specific gene expression and hormone secretion across independent biological replicates. Beyond the applications described here, this platform provides a controlled system for pathway interrogation, pharmacological modulation, zone-resolved omics profiling, and mechanistic studies of adrenal plasticity and regeneration ex vivo.

In summary, this study establishes a robust protocol for mouse primary adrenal cell cultures enriched for zG (OF) and zF (IF) cells that preserves their distinct molecular and functional identities. The enriched cultures display high expression of zone-specific markers with minimal contamination from other compartments, enabling precise and physiologically relevant investigation of zone-specific adrenal cortex biology.
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